To evaluate the feasibility of ultra-low-dose CT for left atrium and pulmonary veins using new model-based iterative reconstruction (MBIR) algorithm.
Introduction
Atrial fibrillation (AF) is the most common of the sustained cardiac arrhythmias and is associated with significant morbidity, mortality, and economic costs. 1, 2 Radiofrequency catheter ablation (RFCA) of the distal pulmonary veins (PVs) and posterior left atrium (LA) is the treatment of choice for patients with AF, 3, 4 but the success of RFCA has been demonstrated to be strictly dependent on a pre-procedural good understanding of the anatomy of the distal pulmonary veins and posterior LA. 5 For this reason, an accurate pre-procedural planning through a three-dimensional imaging technique is recommended, and Multidetector row CT (MDCT) has been proved to provide accurate and detailed information on PVS and LA anatomy. 6, 7 In the last years, many strategies have been adopted to reduce patient exposure without lowering the accuracy of cardiovascular CT examinations, and among these techniques, the iterative reconstruction methods have been playing a major role. 8 -15 In contrast to the commonly used filtered back projection (FBP), adaptive statistical iterative reconstruction (ASIR; GE Healthcare, Milwaukee, WI, USA) is an image reconstruction technique that models system noise statistics, with gains in image quality compared with noise-filtering techniques. A new algorithm, the model-based iterative reconstruction (MBIR), may further reduce image noise and improve spatial resolution by taking into account the optics system of the CT. This new MBIR was designed to enable improved image quality and to enhance imaging performance even under very low mA scenarios. With regard to the image quality and the potential for dose reduction, MBIR has outperformed ASIR in studies using phantoms and investigating several body regions. 16 -19 However, to the best of our knowledge, only few cardiovascular studies have been performed in vivo to determine the diagnostic quality of MBIR 20 and, in particular, to assess anatomy of the LA and pulmonary veins before RFCA in patients with AF. The aim of this study was to evaluate feasibility and image quality of the new MBIR algorithm for low-dose CT of the LA and pulmonary veins in comparison with standard acquisition commonly used in our institution, using ASIR.
Methods

Study population
Two hundred and twenty-five patients with drug-refractory paroxysmal or persistent AF scheduled for catheter ablation were enrolled in our study. The exclusion criteria were hypersensitivity to iodine contrast medium (4 patients), impaired renal function defined as creatinine clearance ,60 mL/min (9 patients), inability to follow breath-hold instructions (7 patients), and a body mass index (BMI) ≥36 kg/m 2 (5 patients). Thus, a total of 200 patients were enrolled and randomized in two different scanning CT protocol. The characteristics of study population are listed in Table 1 .
The study protocol was approved by the institutional review board and by the local ethics committee. Written informed consent was obtained from all patients.
CT scanning protocols
The MDCTA examinations were performed using a 64-slice Discovery CT 750 HD (GE Healthcare). Up to date, MBIR software is not compatible with ECG-triggered CT protocols; therefore, Group 1 CT scan was performed without ECG triggering. Scan parameters were 64 × 0.625 mm slices configuration, 350 ms gantry rotation time, 100 KVp tube voltage, 60 mA tube current without dose modulation, pitch 0.984:1, and MBIR (VEO TM ; GE Healthcare). Scan parameters were settled according to recommendation by the manufacturer based on previous phantom images studies, to achieve a large dose reduction.
In Group 2, the scan parameters were the same as in Group 1 but with ASIR instead of MBIR, no ECG triggering (to achieve a lower dose in the presence of several patients without sinus rhythm), and a BMI-adapted imaging protocol in which the tube voltage and tube current were 100 kVp and 500 mA for a BMI ,20 kg/m 2 , 100 kVp and 550 mA for a BMI ≥20 and ,25 kg/m 2 , 100 kVp and 600 mA for a BMI ≥25 and ,30 kg/m 2 , 120 kVp and 650 mA for a BMI ≥30 and ,35 kg/m 2 , and 140 kVp and 700 mA for a BMI 35 kg/m 2 . All the exams were performed with a similar medium acquisition field of view (FOV). In both groups, the patients received an 80 mL bolus of contrast medium (Iomeron 400 mg iodine/mL; Bracco, Milan, Italy) through an antecubital vein at an infusion rate of 5 mL/s, followed by a 50 mL flush of saline solution. All the CT scans were performed according to the bolus-tracking technique. 21 Ultra-low-dose CT for left atrium and pulmonary veins imaging Each voxel element of the scanned object is represented as having a finite three-dimensional volume. Voxels are illuminated by a finite beam that stems from a local spot of known dimensions and is measured over the active area of the detector. As a result, MBIR takes into account that the 'shadow' of a voxel close to the X-ray source extends over a large detector area than that of a voxel further away from the source. This spatially varying behaviour should lead to better information recovery in CT images. In addition, such improved system optics results in higher data utilization per image, which improves the overall statistics and further reduces final image noise. The images reconstructed with VEO TM MBIR were post-processed on a separate workstation (Advantage Workstation Version 4.5, GE Healthcare). Axial, sagittal, and coronal multi planar reformat (MPR) and volume rendering (VR) images of the LA and PVs were produced. Anatomy of LA and PVs was assessed as follows: the pulmonary vein ostium was identified at its juncture with the LA. The 'intervenous saddle' was identified as that portion of the atrial wall interposed between separate ipsilateral pulmonary veins. A common vein was identified when superior and inferior veins join proximal to the LA resulting in a single atriopulmonary venous orifice on the involved side. 9 According to these definitions, the LA volume and the area and diameters of pulmonary veins ostia were measured. (Figure 1 ) In case of common vein, the area and diameters of the common ostium were measured. Two experienced readers independently interpreted all studies for evaluation of image quality. Image quality was graded on a 4-point scale: 1, no motion artefacts; 2, minimal motion artefacts; 3, moderate motion artefacts, still diagnostic; 4, severe motion artefacts, not diagnostic. 22 For each patient, objective assessment of maximum CT number as indicator for contrast enhancement, expressed as Hounsfield Units (HU), and the corresponding standard deviation (SD) as indicator for image noise were measured in circular 100 mm 2 regions of interest (ROIs) placed on axial images at the level of the LA and at the ostium of each pulmonary vein. Additional 100 mm 2 ROIs were placed into the right lobe of the liver (liv) with no vascular structures to calculate the contrast-to-noise ratio (CNR). Image noise was defined as the SD of HU. The CNRs were calculated for the LA (la) as: CNR ¼ HU (la)-HU (liv)/image noise (la); and for pulmonary veins (pv) as: CNR ¼ HU (pv) -HU (liv)/image noise (pv).
Image analysis
The time needed for image reconstruction and measurement collection was evaluated and compared between the two groups.
Image integration
CT datasets were imported and processed into the Electrophysiology (EP) Lab with image processing tool software to segment the vessels and cardiac chambers and for integrating 3D-electroanatomical mapping. Image integration was considered successful if the operator considered it to give an accurate representation of catheter location within the atrial chamber. The time needed for segmentation and merge procedure, the mapping procedures success, and the mean fluoroscopy time during the procedures were compared between the two groups.
Radiation dose report
The effective dose (ED) of MDCT was calculated according to the European Working group for Guidelines on Quality Criteria in CT and the Recommendations of the International Commission on Radiological Protection, ICRP. 23 -25 Volume CT dose index (CTDIvol) and dose length product (DLP) of the LA and pulmonary veins scan were recorded. An approximation of the ED can be obtained with the equation
Figure 1
Example for measurements of left atrium volume and pulmonary vein ostium area and diameters. The cutting planes at the junction of the pulmonary vein were oriented perpendicularly to the long axis of the pulmonary vein (C). The resulting reconstruction plane is used for the measurement of pulmonary vein ostial cross-sectional area and diameters (B) and for ROI measurements (A).
Statistical analysis
Statistical analysis was performed with commercially available SPSS version 17.0 software (SPSS, Chicago, IL, USA). Continuous variables were expressed as mean + SD, and categorical data were expressed in proportions or percentages.
The two groups were compared for differences in absolute HU, image noise, SNR, CNR of atrium and pulmonary veins, and for radiation dose. Differences in these mean values between the two groups with normally distributed data were determined by two-tailed independent T-test, those of non-normally distributed data by the Mann-Whitney U test. P , 0.05 was considered statistically significant. The intra-observer and inter-observer variability for the qualitative image quality score evaluation were tested with a K test.
Results
MDCT was successfully performed in all patients without complications.
Study population characteristics are listed in Table 1 . Patients of Group 1 and Group 2 showed no significant differences in gender, age, and BMI. The two groups were homogeneous in terms of cardiovascular risk factors and the presence of AF during the scan. No significant differences were also observed in mean LA area, LA volume, and left appendage volume between the two groups. The characteristics of LA and PVs anatomy are listed in Table 2 . No significant differences were observed in terms of anatomical features between the two groups (P . 0.1). In 21 patients of Group 1 and in 25 patients of Group 2, respectively, a left common pulmonary vein ostium was identified, while in two patients of Group 1 was identified a right common ostium. Only one right common pulmonary vein ostium was identified in Group 2.
Objective image quality parameters of LA and PVs are shown in Table 3 . Images generated using MBIR showed a different image texture (sometimes referred to as 'blurred') than images reconstructed with ASIR ( Figure 2 ), but the overall image quality score was similar between Group 1 and Group 2 (1.25 + 0.2 and 1.28 + 0.5, respectively, P¼ 0.6) and no inadequate exams were observed in the study population. Left atrium mean image noise was significantly lower in Group 1 than in Group 2 (21.7 + 5.2 and 33.7 + 9.06 HU, respectively). Same results were observed at the level of pulmonary veins ostia with image noise mean values significantly lower in Group 1 than in Group 2 ( A separate analysis examining 100 kV only Group 2 CT scan, to isolate the effect of tube voltage on noise and mean attenuation values, confirmed higher mean attenuation values and lower image noise in Group 1 than in Group 2 for both atrium and pulmonary veins, with significant statistical values (P , 0.05) ( Table 4 ). Furthermore, the significant mean reduction in terms of image noise after MBIR reconstruction in Group 1 is reported in Table 5 .
MBIR image reconstruction led to a noise reduction up to 70% and up to 60% for LA and pulmonary veins measurements, respectively. The time spent for image reconstruction on dedicated workstation was similar for both groups without evidence of significant statistical differences ( Table 6) . No exams were reported as not valid to create fusion map or integrate CT image data into the electrophysiology lab. CT images integration procedure was successful for all patients in both groups, and no significant differences were observed in the time required for the integration process ( Table 6) .
Radiation dose exposure values in the study population are listed in Table 7 .
The average DLP and ED of Groups 1 and 2 were 29.4 + 3.4 mGy cm and 0.41 + 0.04 mSv and 298.5 + 198.1 mGy cm and 4.17 + 2.7 mSv, respectively. Group 1 using VEO TM showed a significant impressive overall ED reduction in comparison to Group 2 with ASIR (P , 0.01). Furthermore, in Table 8 are reported different ED and image quality score for Group 1 and Group 2 divided into subgroups according to BMI. For patient subgroups with BMI .30, the ED reduction was up to 92%. The Kappa value for CT image quality score was 0.81 for intraobserver agreement and 0.82 for inter-observer agreement.
Discussion
MDCT allows accurate imaging with detailed information of the anatomy of LA and pulmonary veins, and in this context, playing an important role in the pre-procedural planning of electrophysiological procedures such as catheter ablation. 5 -7 Nevertheless, radiation exposure is a reason for concern. Various strategies have been developed to reduce patient radiation dose. However when radiation dose is decreased, an increase of image noise and deterioration of image quality negatively affecting accuracy may occur. 13 In this study, we showed that the MBIR is a valid tool to reduce radiation dose without compromising CT image quality. To the best of our knowledge, this is the first study evaluating the feasibility of CT angiography for LA and pulmonary veins imaging using this new reconstruction method. The results of our study show that low-dose CTA reconstructed with MBIR provides diagnostically adequate image quality with a significant dose reduction in comparison with CT performed with ASIR. In standard FBP-based approaches, higher spatial resolution is accompanied by higher image noise. On the contrary, statistical methods like MBIR operate to improve lowcontrast detectability and spatial resolution while reducing image noise. All CT exams performed with MBIR showed diagnostic image quality with a significantly lower noise index with an overall mean reduction up to 40% in measurements at the level of the LA in comparison with standard ASIR reconstruction group. MBIR reconstructed images showed significant higher values of mean CT number and significant higher values in SNR and CNR. These data are supported by several studies that have demonstrated an improved quality of MBIR images. This occurs even at minimum doses in terms of depiction and sharp reproduction of anatomical structures visualization in comparison with other reconstruction methods such as ASIR or FBP. 19, 20 Moreover, a recent study has demonstrated that the use of the MBIR algorithm can improve CT visualization of small vascular structures compared with the use of ASIR and FBP. 26 However, data are lacking concerning in vivo vascular studies using MBIR reconstruction. The increase of iodine attenuation, allowing for higher CNR in LA and pulmonary veins, should be related to the use of low tube potential imaging. 27 By application of MBIR reconstruction to a low tube voltage protocol, the improvement of CNR should be reinforced because the reduced objective image noise owing to the MBIR reconstruction algorithm. This is in accordance with our results with the persistence of a statistical difference between Group 1 and Group 2 when only subgroups of patients studied by 100 kVp have been considered.
Furthermore, the main finding of our study was that MBIR enabled the use of low-scan protocol with radiation dose reduction up to 90% (average dose 0.41 + 0.04 mSv) compared with ASIR protocols. A diagnostically adequate quality of MBIR group images with a significant dose reduction is also supported by data concerning the segmentation and fusion map creations in all patients of our study population, without evidence of significant longer procedure time. These findings should lead to a new algorithm in clinical practice using the CT imaging of LA and pulmonary veins with MBIR reconstruction as first choice imaging modality for the pre-procedural planning of patients scheduled for electrophysiological procedures.
However, our study shows some limitations. First, the overall image quality score for both groups was subjective. Second, MBIR requires a considerable amount of processing power and needs a long raw data reconstruction time estimated in 30-40 min in our study. Third, we did not compare low-dose CT with other imaging modalities such as magnetic resonance angiography (MRA). However, a higher image quality of CT compared with MRA in the assessment of LA and pulmonary veins has been reported. 28 Last, this is a feasibility study and no data were collected regarding the different outcome of the ablation procedure between the two groups.
Conclusion
Our study demonstrates that new MBIR algorithm VEO TM allows to achieve CT imaging of the LA and pulmonary veins with very low-radiation exposure and without impairment of image quality. 
